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Characterization of biodiversity has been extensively used to confidently monitor and
assess environmental status. Yet, visual morphology, traditionally and widely used
for species identification in coastal and marine ecosystem communities, is tedious
and entails limitations. Metabarcoding coupled with high-throughput sequencing (HTS)
represents an alternative to rapidly, accurately, and cost-effectively analyze thousands
of environmental samples simultaneously, and this method is increasingly used to
characterize the metazoan taxonomic composition of a wide variety of environments.
However, a comprehensive study benchmarking visual and metabarcoding-based
taxonomic inferences that validates this technique for environmental monitoring is still
lacking. Here, we compare taxonomic inferences of benthic macroinvertebrate samples
of known taxonomic composition obtained using alternative metabarcoding protocols
based on a combination of different DNA sources, barcodes of the mitochondrial
cytochrome oxidase I gene and amplification conditions. Our results highlight the
influence of the metabarcoding protocol in the obtained taxonomic composition and
suggest the better performance of an alternative 313 bp length barcode to the
traditionally 658 bp length one used for metazoan metabarcoding. Additionally, we
show that a biotic index inferred from the list of macroinvertebrate taxa obtained using
DNA-based taxonomic assignments is comparable to that inferred using morphological
identification. Thus, our analyses prove metabarcoding valid for environmental status
assessment and will contribute to accelerating the implementation of this technique to
regular monitoring programs.
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INTRODUCTION
Environmental biomonitoring in coastal and marine ecosystems often relies on comprehensively,
accurately, and repeatedly characterizing the benthic macroinvertebrate community (Yu et al.,
2012). These organisms are considered a good indicator of ecosystem health and have demonstrated
a rapid response to a range of natural and anthropogenic pressures (Johnston and Roberts, 2009).
As a result, the macroinvertebrate community has been largely used to develop biotic indices
(Diaz et al., 2004; Pinto et al., 2009; Borja et al., 2015), such as the AZTI’s Marine Biotic Index
(AMBI; Borja et al., 2000), used worldwide to assess the marine benthic status (Borja et al.,
2015). Nevertheless, biomonitoring based upon benthic organisms has limitations because species
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identification requires extensive taxonomic expertise and it is
time-consuming, expensive, and laborious (Yu et al., 2012;
Wood et al., 2013; Aylagas et al., 2014). The rapid development
of high-throughput sequencing (HTS) technologies represents
a promising opportunity for easing the implementation of
molecular approaches for biomonitoring programs (Bourlat
et al., 2013; Dowle et al., 2015). In particular, DNAmetabarcoding
(Taberlet et al., 2012a) allows the rapid and cost-effective
identification of the entire taxonomic composition of thousands
of samples simultaneously (Zepeda Mendoza et al., 2015)
and the ability to provide a more comprehensive community
analysis than traditional assessments (Dafforn et al., 2014),
which can enable the calculation of benthic indices in a
much faster and accurate way compared to morphological
methodologies.
Metabarcoding consists of simultaneously amplifying a
standardized DNA fragment specific for a species (barcode)
from the total DNA extracted from an environmental sample
using conserved short DNA sequences flanking the barcode
(primers; Hajibabaei, 2012; Cristescu, 2014). The obtained
barcodes are then high-throughput sequenced and compared to
a previously generated DNA sequence reference database from
well-characterized species for taxonomic assignment (Taberlet
et al., 2012a). In the case of animals, different barcodes such as
portions of the small and large subunits of the nuclear ribosomal
RNA (18S and 28S rRNA) genes (Machida and Knowlton, 2012)
and of the mitochondrial cytochrome oxidase I (COI; Meusnier
et al., 2008) and 16S rRNA genes (Sarri et al., 2014) have
been proposed for metabarcoding. The COI gene is by far
the most commonly used marker for metazoan metabarcoding
(Ratnasingham and Hebert, 2013), for which thousands of
reference sequences are available in public databases [the Barcode
of Life Database (BOLD) contains >1,000,000 COI sequences
belonging to animal species] and several amplification primers
have been designed [more than 400 COI primers are published in
the Consortium for the Barcode of Life (CBOL) primer database].
Several studies have used metabarcoding to characterize
the metazoan taxonomic composition of aquatic environments
(Porazinska et al., 2009; Chariton et al., 2010; Fonseca et al.,
2014; Dell’Anno et al., 2015; Leray and Knowlton, 2015; Chain
et al., 2016), and an increasing number of studies have directly
applied the approach for environmental biomonitoring purposes
(Ji et al., 2013; Dafforn et al., 2014; Pawlowski et al., 2014;
Chariton et al., 2015; Gibson et al., 2015; Pochon et al.,
2015; Zaiko et al., 2015). Initial studies inferring biotic indices
from molecular data show the potential of metabarcoding
for evaluating aquatic ecosystem quality (Lejzerowicz et al.,
2015; Visco et al., 2015). However, before implementation
of metabarcoding in regular biomonitoring programs, this
approach needs to be benchmarked against morphological
identification so that accurate taxonomic inferences and derived
biotic indices can be ensured (Aylagas et al., 2014; Carugati
et al., 2015). The accuracy of metabarcoding-based taxonomic
inferences relies on the retrieval of a wide range of taxonomic
groups from a given environmental sample using the appropriate
barcode, primers, and amplification conditions (Deagle et al.,
2014; Kress et al., 2015), and on the completeness of the reference
database (Zepeda Mendoza et al., 2015). Some attempts have
been performed to compare morphological vs. metabarcoding-
based taxonomic inferences; yet, results are inconclusive as
some studies do not apply both approaches to the same
sample and/or have focused on a particular taxonomic group
(Hajibabaei et al., 2012; Carew et al., 2013; Zhou et al.,
2013; Gibson et al., 2014; Cowart et al., 2015; Zimmermann
et al., 2015). A recent study (Gibson et al., 2015) has
performed morphological and metabarcoding-based taxonomic
identification on the same freshwater aquatic invertebrate
samples, but limited their visual identifications to family level.
Only two studies (Dowle et al., 2015; Elbrecht and Leese,
2015) have performed a robust benchmarking of metabarcoding
using freshwater invertebrates and showed that this technique
can be successfully applied to biodiversity assessment. In
marine metazoans, all studies have focused only on plankton
samples (Brown et al., 2015; Mohrbeck et al., 2015; Albaina
et al., 2016). Thus, an exhaustive evaluation of metabarcoding
for marine benthic metazoan taxonomic inferences is still
lacking.
The use of extracellular DNA (the DNA released from
cell lysis; Taberlet et al., 2012b) for biodiversity monitoring
is increasingly applied to water (e.g., Ficetola et al., 2008;
Foote et al., 2012; Thomsen et al., 2012; Kelly et al., 2014;
Davy et al., 2015; Valentini et al., 2016), soil (Taberlet et al.,
2012b), and sediment samples (Guardiola et al., 2015; Turner
et al., 2015; Pearman et al., 2016). Constituting a significant
fraction of the total DNA (Dell’Anno and Danovaro, 2005;
Pietramellara et al., 2009; Torti et al., 2015), it is assumed
that the taxonomic composition of the free DNA present
in the environment reflects the biodiversity of the sample
(Ficetola et al., 2008), which would simplify DNA extraction
protocols (Pearman et al., 2016) and allow the detection of
organisms that are even larger than the sample itself (Foote
et al., 2012; Thomsen et al., 2012; Kelly et al., 2014; Davy
et al., 2015). Thus, this method appears as a promising cost-
effective alternative for macroinvertebrate diversity monitoring,
but no robust evidence that the entire macroinvertebrate
community can be detected using extracellular DNA exists
so far.
The lack of a thorough comparison between morphological
and metabarcoding-based taxonomic inferences of marine
metazoa and of an evaluation of the use of metabarcoding
for marine biotic index estimations prevents the application
of metabarcoding in routine biomonitoring programs. Here,
we benchmark alternative metabarcoding protocols based on a
combination of different DNA sources (extracellular DNA and
DNA extracted from previously isolated organisms), barcodes
(short and long COI regions), and amplification conditions
against benthic macroinvertebrate samples of known taxonomic
composition. Additionally, we test the effect of the discrepancies
between morphological and DNA-based taxonomic inferences in
marine biomonitoring through the evaluation of the molecular
based taxonomies performance when incorporated for the
calculation of the AMBI and prove the suitability of molecular
data based biotic indices to assess marine environmental
status.
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METHODS
The experimental design followed to compare the performance
of molecular and morphological based taxonomic inferences is
summarized in Figure 1.
Sample Collection and Processing
Benthic samples were collected from 11 littoral stations
(sampling depth ranging from 100 to 740 m) along the Basque
Coast, Bay of Biscay (Supplementary Figure 1), during March
2013, using a van Veen grab (0.07–0.1 m2). At each location,
after sediment homogenization, one subsample of sediment was
taken from the surficial layer of the grab and stored in a sterile
15 ml falcon tube at −80 ◦C until extracellular DNA extraction
(see below). In order to collect the benthic macroinvertebrate
community (organism size >1 mm) present in each sample, the
remaining sediment was sieved on site through a 1 mm size
mesh, and the retained material preserved in 96% ethanol at
4 ◦C until processing (<6months). Macroinvertebrate specimens
were sorted and identified to the lowest possible taxonomic level
based on morphology. Following taxonomic classification, each
sample was divided into two identical subsamples by taking equal
amount of tissue per taxa for each subsample. Tissues from one
subsample were pooled and used for bulk DNA extraction. Each
tissue of the second subsample was used for individual DNA
extraction (see below).
Extracellular, Individual, and Bulk DNA
Extraction
Extracellular DNAwas extracted following an optimized protocol
(Taberlet et al., 2012b). Briefly, 5 g of each sediment sample
were mixed with 7.5 ml of saturated phosphate buffer and
an equal volume of chloroform:isoamyl alcohol (IAA). After
centrifugation for 5 min at 4,000 g, the aqueous phase was
passed through a second round of chloroform:IAA purification
and ethanol precipitated before elution of resulting DNA
pellet in 100 µl Milli-Q water. For individual and bulk
processing, total genomic DNA from each tissue and from
the mix of tissues composing each sample, respectively, were
extracted using the Wizard R© Genomic DNA Purification kit
(Promega, WI, USA) in a 125 µl of Milli-Q water final
elution. The possible presence of PCR inhibitors in the
bulk and extracellular DNA were removed using the Mobio
PowerClean R© DNA Clean-Up Kit. Genomic DNA integrity
was assessed by electrophoresis, migrating about 100 ng
of GelRedTM-stained DNA on an agarose 1.0% gel, DNA
purity was assessed using the Nanodrop R© ND-1000 (Thermo
Scientific) system and DNA concentration was determined
with the Quant-iT dsDNA HS assay kit using a Qubit R©
2.0 Fluorometer (Life Technologies). About 20 ng of each
individually extracted DNA were used for DNA barcoding
of single species (see details below). Subsequently, 5 µl of
each individually extracted DNA at original concentration were
pooled (hereafter referred as “pooled DNA”). Extracellular,
bulk, and pooled DNA were used for PCR amplification and
sequencing (see below).
Individual PCR Amplification and Sanger
Sequencing
Individual DNA barcoding was performed for the species
for which no COI barcode was available in public databases
(see Table 1, Supplementary Material). The standard 658 bp
COI barcode (folCOI) was targeted using the dgLCO1490 ×
dgHCO2198 primer pair (Meyer, 2003). Each individual DNA
sample was amplified in a total volume reaction of 20 µl using
10 µl of Phusion R© High-Fidelity PCR Master Mix (Thermo
Scientific), 0.2 µl of each primer (10 µM), and 20 ng of genomic
DNA. The thermocycling profile consisted of an initial 30 s
denaturation step at 98 ◦C, followed by up to 35 cycles of 10 s at
98 ◦C, 30 s at 48 ◦C, and 45 s at 72 ◦C, and a final 5 min extension
step at 72 ◦C. PCR products were considered positive when a
clear single band of expected size was visualized on a 1.7% agarose
gel. Samples with negative product were further amplified with
the mlCOIintF × dgHCO2198 primer pair (Leray et al., 2013)
targeting a 313 bp fragment of the COI gene (mlCOI). Negative
samples were included with each PCR run as external control.
PCR products were purified with ExoSAP-IT (Affymetrix) and
Sanger sequenced.
PCR Amplification for Library Preparation
and Illumina Miseq Sequencing
Indexed paired-end libraries of pooled amplicons were prepared
using two nested PCRs from the extracellular, bulk and
pooled (mix of 5 µl of individually extracted DNA at original
concentration) DNA obtained from each of the 11 collected
samples. In parallel, three of the samples were processed per
triplicate and considered independently in downstream analysis.
For the first PCR, two universal primer pairs with overhang
Illumina adapters were used to amplify two different length
COI barcodes (the mlCOI and the folCOI). Three different PCR
profiles were used to amplify each COI barcode from the bulk
and pooled DNAs (46 and 50 ◦C annealing temperatures and a
touchdown profile), whilst the extracellular DNA COI barcodes
were amplified with 46 ◦C annealing temperature. PCRs were
performed in a total volume of 20 µl using 10 µl of Phusion R©
High-Fidelity PCRMasterMix (Thermo Scientific), 0.5µl of each
primer (10 µM), and 2 µl of genomic DNA (5 ng/µl). The PCR
conditions for the two different annealing temperatures consisted
on an initial 30 s denaturation step at 98 ◦C, 27 cycles of 10 s at
98 ◦C, 30 s at 46 or 50 ◦C, and 45 s at 72 ◦C, and a final 5 min
extension at 72 ◦C. For the touchdown profile the PCR conditions
consisted on an initial 30 s denaturation step at 98 ◦C, 16 cycles
of 10 s at 98 ◦C, 30 s at 62 ◦C (−1 ◦C per cycle), and 60 s at
72 ◦C, followed by 17 cycles at 46 ◦C annealing temperature, and
a final 5 min extension at 72 ◦C (Leray et al., 2013). Negative
controls were included with each PCR. Generated amplicons
were purified with AMPure XP beads (Beckman Coulter), eluted
in 50µLMilliQ water and used as templates for the generation of
the dual-indexed amplicons in the second PCR round following
the “16SMetagenomic Sequencing Library Preparation” protocol
(Illumina). Purified PCR products were quantified using the
Quant-iT dsDNA HS assay kit using a Qubit R© 2.0 Fluorometer
(Life Technologies) and further normalized for all samples. Pools
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FIGURE 1 | Workflow for sample processing. See Methods Section for detailed explanations.
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TABLE 1 | Results from the regression model between traditional and
molecularly inferred pa-AMBI values.
Barcode Condition R2 BIAS RMSE
mlCOI Bulk DNA 46 ◦C 0.68* −0.18 0.28
Bulk DNA 50 ◦C 0.49* −0.21 0.32
Bulk DNA TD 0.21 −0.22 0.39
Pooled DNA 46 ◦C 0.41* −0.11 0.22
Pooled DNA 50 ◦C 0.46* −0.14 0.23
Pooled DNA TD 0.03 −0.26 0.40
Extracellular DNA 0.42* −0.59 0.83
folCOI Bulk DNA 46 ◦C 0.33* −0.21 0.37
Bulk DNA 50 ◦C 0.49* −0.29 0.43
Bulk DNA TD 0.07 −0.29 0.49
Pooled DNA 46 ◦C 0.02 −0.69 0.83
Pooled DNA 50 ◦C 0.01 −0.52 0.59
Pooled DNA TD 0.01 −0.48 0.57
Extracellular DNA 0.15 −0.11 0.61
*Significant correlations (P < 0.05), TD: touchdown PCR profile.
of 96 equal concentration amplicons were sequenced using the 2
× 300 paired-end on a MiSeq (Illumina).
DNA Barcode Reference Database
Trace files of Sanger sequences obtained from individual
PCR amplifications were edited and trimmed to remove low
quality bases (Q < 30) using SeqTrace 0.9.0 (Stucky, 2012)
and checked for frame shifts using EXPASY (Gasteiger et al.,
2003). COI sequences are available in “BCAS project” at
BOLD (http://www.boldsystems.org) and in GenBank (accession
numbers KT307619–KT307707). To generate our DNA reference
database, we retrieved a total of 1,123,601 public COI aligned
sequences from 96,641 different taxa fromBOLD (October 2014),
including the sequences generated in this study (COI RefSeq).
After removing duplicates, a total of 505,033 sequences were kept
and trimmed to the 658 bp Folmer COI fragment to generate
the “BOLD database.” A smaller customized DNA reference
database was generated using the 4231 sequences corresponding
to species included in the AMBI list (see below; available at
http://ambi.azti.es) extracted from the “BOLD database” to build
the “AMBI database.” For the analyses of the folCOI reads,
the 249 bp not sequenced internal fragment (see below) was
removed from these two databases to construct the “BOLD
gapped database” and the “AMBI gapped database.” The four
resulting databases were formatted according tomothur (Schloss,
2009) standards.
Amplicon Sequence Analysis
Demultiplexed reads were quality checked using FastQC
(Andrews, 2010) and primer sequences removed using
Trimmomatic 0.33 (Bolger et al., 2014). Since the mlCOI
paired-end reads overlap in 237 bp and the folCOI paired-end
reads do not overlap, different preprocessing steps are needed
for each COI fragment. Forward and reverse mlCOI reads
were merged using FLASH (Magocˇ and Salzberg, 2011) with a
minimum and maximum overlap of, respectively, 20 bases below
and above the expected overlapping region, and the resulting
reads were trimmed using Trimmomatic at the first sliding
window of 50 bp with an average quality score below 30. The
folCOI forward and reverse reads were trimmed at 260 and
200 bp, respectively, based on the quality decrease after these
positions observed on FastQC plots. Each pair of forward and
reverse-complemented reverse read was pasted to create a 409
bp read that corresponds to the folCOI barcode without a 249 bp
internal fragment. Further details on this new pipeline developed
to analyze the universal 658 bp COI barcode which is too long for
most HTS applications such as the Illumina MiSeq are detailed
elsewhere (Aylagas and Rodríguez-Ezpeleta, 2016). Preprocessed
reads from both barcodes were independently analyzed with
mothur following the MiSeq standard operating procedure
(Kozich et al., 2013). Briefly, sequences with ambiguous bases
were discarded and the rest, aligned to the corresponding BOLD
and AMBI reference databases. Only those mlCOI and folCOI
reads aligning inside the barcode region and longer than 200 and
300 bp, respectively, were kept. After chimera removal using the
de novo mode of UCHIME (Edgar et al., 2011), sequences were
grouped into phylotypes according to the taxonomic assignments
made based on the Wang method (Wang et al., 2007) using a
bootstrap value of 90. The sequences that did not return any
taxonomic assignment against the BOLD database were blasted
against the NCBI non redundant database. Sequences have been
deposited in the Dryad Digital Repository (http://dx.doi.org/10.
5061/dryad.0sc0s).
Comparison of Morphological and
Metabarcoding-Based Taxonomic
Compositions
Only taxa representing at least 0.01% of the reads in one station
were considered present in the taxonomic composition inferred
from molecular data. An in-house script (Supplementary
Figure 2) was used to calculate the degree of match between
the molecular and morphologically inferred taxonomic
compositions of each station. The detection success was
normalized for each sample and transformed to percentage of
matches (100% of matches means all taxa identified based on
morphology have been detected using DNA-based approaches).
Differences in mean values of the taxa detection percentages
between DNA extraction methods, primers and PCR conditions
were examined using a t-test at alpha = 0.05. Patterns of sample
dissimilarity were visualized using non-metric multidimensional
scaling (nMDS) based on taxa presence/absence and abundance
using the Jaccard and Bray-Curtis indices, respectively, obtained
using molecular approaches.
Comparison of Morphological and
Metabarcoding-Based Biotic Indices
In order to compare morphological and metabarcoding-based
biotic indices, we used AMBI, which is a status assessment
index based on the pollution tolerances of the taxa present
in a sample, with tolerance being expressed categorically into
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ecological groups (EGI, sensitive to pressure; EGII, indifferent;
EGIII, tolerant; EGIV, opportunist of second order; and EGV,
opportunist of first order). We calculated the presence/absence
morphology-based AMBI (pa-AMBI) and the presence/absence
genetics-based AMBI (pa-gAMBI; Aylagas et al., 2014) inferred
through DNA metabarcoding of each sample, using the AMBI
5.0 software (http://ambi.azti.es). The relationships among pa-
AMBI and pa-gAMBI values were examined using standardized
major axis (SMA) estimation (Warton et al., 2006) using the
software SMATR (Falster et al., 2003). In order to evaluate the
performance of pa-gAMBI for each condition, root-mean-square
error (RMSE) and bias were calculated (Walther and Moore,
2005).
RESULTS
Morphological and Molecular Analysis
In total, 138 macroinvertebrate taxa belonging to nine
different phyla were morphologically identified in the 11
stations. Representatives of two main phyla, Annelida,
and Arthropoda, are present at all stations, with 94 and 21
taxa, respectively, whereas less represented phyla (Mollusca,
Chaetognata, Cnidaria, Echinodermata, Nemertea, Nematoda,
and Sipuncula) are absent from some stations and include
less number of taxa (Supplementary Table 1). Individual
DNA barcoding was successful on 61 and 24 of the 106
identified species with no COI barcode in public databases,
for which new folCOI and mlCOI barcodes were generated,
respectively, and included in the reference database. Despite
this effort to increase the reference database, 21 species remain
without barcode because amplification of both barcodes
failed.
For each station, two condition combinations were tested
for the extracellular DNA (two different barcodes) and six
for the bulk and pooled DNAs (two different barcodes and
three different PCR profiles). From the 238 samples analyzed,
including triplicates performed on three of the stations, 14 had
no PCR amplification (see Supplementary Table 2 for clarification
on the number of samples produced for molecular analysis).
The 224 remaining samples resulted in 16 million reads, from
which about 56% passed quality filters and were used for
taxonomic analysis (Supplementary Table 2). Of the total reads
obtained from extracellular DNA, 71.5 and 73.4% could not
be assigned to any metazoan phylum using the customized
BOLD database and 24.9 and 25.6% were not assigned to
Metazoa for mlCOI and folCOI, respectively. When blasted
against NCBI, the reads obtained using mlCOI matched with
bacteria (0.6%), non-metazoan eukaryotes (84%), metazoans
(12.2%), or did not provide any match (3%), and the reads
obtained using folCOI matched with bacteria (66.6%), non-
metazoan eukaryotes (6%), metazoans (4.2%), archaea (0.05%),
or did not provide any match (23.2%). The percentages of non-
metazoan reads are much lower for bulk (0.03 and 0.04%)
and pooled DNA (0.1 and 0.3%), and the proportion of
Metazoa reads with no phylum assigned are lower for mlCOI
(23.2 and 10.6% for bulk and pooled DNA, respectively)
than for folCOI (29.94 and 31.6% for bulk and pooled DNA,
respectively).
Comparison of Morphological and
Molecular-Based Taxonomic Compositions
From the taxonomic inferences obtained using molecular
approaches, only macroinvertebrates were considered for
sample comparison (e.g., Chordata records were excluded for
downstream analysis). The average percentage of recovered
taxa (molecular taxonomy matches visual taxonomy) over
all stations using different conditions is shown in Figure 2
(see Supplementary Figure 3 for percentage of recovered taxa
considering only species level identification). Matches for
taxonomic inferences based on metabarcoding of extracellular
DNA are very low (3.4 and 3.1% for folCOI and mlCOI
respectively), with only taxa from three phyla (Mollusca,
Annelida, and Nemertea) retrieved (Supplementary Table 3).
Results obtained between replicates from the same sample reveal
similar taxonomic inferences. No significant differences were
observed between the percentage of matches obtained using
bulk and pooled DNA (p > 0.05). Interestingly, the mlCOI
barcode outperforms the folCOI barcode (p < 0.05 for bulk and
pooled DNA) and, within themlCOI, the 46 and 50 ◦C annealing
temperatures outperform the touchdown profile both for bulk
and pooled DNA (p < 0.05). Overall, the best performing
condition is the mlCOI barcode amplified using 46 ◦C annealing
temperature, which results in a percentage of recovered taxa of
62.4% for all matches and of 76.3% for only matches at species
level.
Using molecular approaches we were able to retrieve taxa
that had not been morphologically identified. Representatives
of Annelida (e.g., Tubificoides amplivasatus, Chloeia parva,
and Mugga wahrbergi), Arthropoda (e.g., Scyllarus arctus
and Limnoria sp.), Mollusca (e.g., Nucula nucleus, Galeomma
turtoni, Thyasira ferruginea, and Entalina tetragona), and
Echinodermata (e.g., Ophiura albida and Macrophiothrix sp.)
were solely identified using DNA-based approaches. Moreover,
we were able to find taxa belonging to two phyla that
were not morphologically identified even at phylum level:
two families (Triaenophoridae and Echinobothriidae) and
one order (Acoeala) of Platyhelminthes and one family
(Hemiasterellidae) of Porifera. As illustrated by the nMDS
ordination plot of beta diversity (Figure 3), the greatest disparity
in macroinvertebrate composition inferred using molecular
taxonomy of each station was shown by the extracellular DNA
approach.
Comparison of Morphological and
Metabarcoding-Based Biotic Indices
The correlation between pa-AMBI and pa-gAMBI values
obtained from the taxonomic composition inferences using the
AMBI database is shown in Figure 4. The pa-AMBI values that
best correlate with pa-gAMBI values are those obtained using
bulk and pooled DNA approaches at 46 or 50 ◦C annealing
temperatures obtained with mlCOI (Table 1). Generally, pa-
gAMBI values tend to score lower than pa-AMBI values (negative
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FIGURE 2 | Boxplot showing the percentage of matches obtained
between morphological and molecularly inferred taxonomic
compositions over all stations. All matches using extracellular DNA (eDNA),
bulk and pooled DNA approaches using different PCR conditions (46 or 50 ◦C
annealing temperatures or TD: touchdown profile) for folCOI and mlCOI
barcodes.
bias over all stations). This tendency can be also observed in
the variation of the percentage of taxa found belonging to each
ecological group obtained using morphological and molecular
taxonomic identifications (Supplementary Figure 4). The non-
detection of taxa belonging to tolerant and opportunistic
ecological groups (III, IV, and V) when using folCOI, especially
for pooled DNA method, leads to poor correlations between
pa-AMBI and pa-gAMBI values.
DISCUSSION
Effect of PCR-Based Analysis Biases on
Taxonomic Inferences
Finding the primer pair and PCR conditions that most accurately
recover the organisms present in an environmental sample
is crucial for a successful application of metabarcoding to
biomonitoring. Several studies analyzing the same samples
with morphological and molecular taxonomy have been
performed so far to benchmark COI based metabarcoding in
animals, all focusing exclusively on freshwater or terrestrial
macroinvertebrates (Hajibabaei et al., 2012; Carew et al., 2013;
Gibson et al., 2014; Dowle et al., 2015; Elbrecht and Leese,
2015) or carried out under morphological identifications limited
to high taxonomic levels (Gibson et al., 2015). Thus, studies
on marine benthic communities that prove the suitability of
FIGURE 3 | Non-metric multidimensional scaling (nMDS) plots. (Top)
Jaccard (presence-absence) and (Bottom) Bray-Curtis (abundance)
dissimilarities for 32 samples of extracellular DNA and 192 samples of bulk or
pooled DNA approaches, from 11 littoral stations for the two barcodes (mlCOI
and folCOI).
DNA-based approaches for environmental biomonitoring are
lacking. Using samples of known taxonomic composition, we
show that an alternative barcode that targets a shorter region of
the COI gene outperforms the 658 bp region that is commonly
used for metabarcoding metazoans (Carew et al., 2013; Ji et al.,
2013; Dowle et al., 2015; Elbrecht and Leese, 2015; Zaiko et al.,
2015). Our data corroborate previous studies unveiling the
lack of universality in the COI primers, which is translated
to biases during PCR step (Pochon et al., 2013; Deagle et al.,
2014). However, the increased performance of the short region,
previously demonstrated for individual barcoding on marine
metazoans (Leray et al., 2013) and metabarcoding in insects
(Brandon-Mong et al., 2015) proves that the mlCOI barcode
retrieves a high proportion of the morphologically identified
taxa. This fact also corroborates the preferred use of small
barcodes for metabarcoding, which provide pair-end overlaps on
Illumina sequencing and good taxonomic resolution for species
identification (Meusnier et al., 2008). Additionally, the folCOI
barcode returns more reads with no match and metazoan reads
not assigned to any specific phylum, which could be attributed
to the fact that longer barcodes can accumulate more errors
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FIGURE 4 | Relationship between pa-AMBI and pa-gAMBI values. For each DNA-based approach (extracellular, bulk and pooled DNA) and PCR condition (46
or 50 ◦C annealing temperatures or Touchdown profile) displayed separately for each barcode—mlCOI (top 3 rows) and folCOI (bottom 3 rows). Each dot shows the
relationship between the pa-AMBI (x-axis) and pa-gAMBI value (y-axis) for each station. The dotted lines represent the results of model II regression and the diagonal
showing perfect correlation between the two observations is depicted.
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during the PCR and sequencing processes (Schirmer et al.,
2015).
The effect of the PCR annealing temperature has been shown
to affect retrieved taxonomic composition in bacterial and
archaeal metabarcoding using the 16S rRNA gene (Sipos et al.,
2007; Lee et al., 2012; Pinto and Raskin, 2012). Here, we show that
the use of inappropriate PCR conditions can also affect the final
taxonomic assignment in metazoanmetabarcoding analyses. Our
results show that a constant low annealing temperature (46 or
50 ◦C) provides more accurate taxonomic inferences compared
to the touchdown profile, which contrasts with previous studies
(Hansen et al., 1998; Simpson et al., 2000; Leray et al., 2013).
Moreover, it is well-established that the more PCR cycles, the
more spurious sequences and chimera are formed during PCR
(Haas et al., 2011), which could explain the lower taxa detection
rate when using the touchdown profile (which includes five more
cycles). Further, the nature of the organisms and their size may
bias DNA extraction (i.e., hard shells or chitin exoskeleton can
prevent cell lysis and DNA from small organisms can be less
effectively extracted). Here, we have ensured that DNA from all
organisms is present in the pooled sample by pooling individually
extracted DNAs, and show that the results of the pooled DNA and
bulk extracted DNA are comparable.
The Use of Extracellular DNA for
Biodiversity Estimations
The extracellular DNA-based metabarcoding for biodiversity
assessments has the potential of detecting big-size organisms in
small samples, which facilitates sampling strategies and could
resulting in a more cost-effective approach for environmental
biomonitoring (Taberlet et al., 2012b; Thomsen et al., 2012;
Thomsen and Willerslev, 2015). Several studies have used
extracellular DNA from the water column to detect vertebrates
(Ficetola et al., 2008; Thomsen et al., 2012; Valentini et al., 2016)
freshwater macroinvertebrates (Goldberg et al., 2013; Mächler
et al., 2014) and benthic eukaryotes (Guardiola et al., 2015;
Pearman et al., 2016). Yet, so far, this approach has not been
proved valid for biodiversity assessment as no comparison with
samples of known taxonomic composition has been performed.
To our knowledge, only one attempt exists to detect the
whole freshwater benthic macroinvertebrate community from
extracellular DNA extracted from samples of known composition
(Hajibabaei et al., 2012), but the authors used the preservative
ethanol as controlled environment containing the free DNA
rather than natural scenarios. In our analyses, only a small
proportion of the taxa identified using morphological methods
are retrieved using extracellular DNA present in the sediment.
Indeed, even considering the taxa not identified through
morphological taxonomy, the extracellular DNA-based analyses
only identify 30 macroinvertebrate taxa over all stations, which
is much lower than the total diversity inferred from morphology
and from DNA extracted from the isolated organisms. Therefore,
the striking differences obtained between morphological and
extracellular DNA metabarcoding based taxonomic inferences
suggest that further studies are needed before using sediment
extracellular DNA as a suitable source for macroinvertebrate
biodiversity assessment; yet, more experiments testing the
effect of sediment sample size, DNA degradation scenarios, or
DNA extraction protocols are required, as it is possible that
sampling more deeply in the sediment, or using the water
column provides better results, and/or that the optimal DNA
extraction procedure has not been employed (Corinaldesi et al.,
2005).
Effect Misinterpreting Community
Composition in Environmental
Biomonitoring
Environmental biomonitoring programs rely on the detection of
a wide range of taxonomic groups, which are usually amplified
using universal primers (Leray et al., 2013). The abovementioned
biases inherent to PCR-based analyses can lead to greater
recovery of sequences of some species and the exclusion of others
(Elbrecht and Leese, 2015; Piñol et al., 2015). Thus, it is important
to see whether in samples containing species from numerous
phyla, metabarcoding is also able to retrieve a high proportion
of taxa that suffices for environmental monitoring. In general,
we show a high percentage of recovery using bulk DNA among
the nine different phyla identified using morphological approach.
However, in our metabarcoding analyses, some taxa identified
using morphological methodologies remain undetected using
both short and long COI barcodes, whereas others appear only
using metabarcoding. The species exclusively detected using
metabarcoding represent potential cryptic species (e.g., Tyasira
flexuosa/Thyasira ferruginea and Ophiura texturata/Ophiura
albida) or unable to be classified based on morphological
characters. Further, some additional identified taxa [i.e., two
phyla detected from extracellular DNA (Platyhelminthes and
Porifera)] may either represent organisms which had beenmissed
by taxonomy based on morphology and metabarcoding from
previously isolated organisms due to their small size (<1 mm) or
detected due to the fact that the free DNA has been transported
from other localities (Roussel et al., 2015).
Consequences of the misinterpretation of the taxonomic
composition could result in erroneous biodiversity assessment,
which may impede the implementation of DNA metabarcoding
in regular biomonitoring programs (Chariton et al., 2015;
Cowart et al., 2015; Lejzerowicz et al., 2015; Zaiko et al., 2015).
In particular, calculation of biotic indices based on pollution
tolerances assigned to the taxa retrieved from the sample
(Maurer et al., 1999; Borja et al., 2000) may be affected by
the approach used for taxonomic assignment. We show that,
despite using the metabarcoding conditions that most accurately
detect the morphologically identified taxa, some differences
between both approaches are observed. Yet, in general, pa-
gAMBI values obtained from metabarcoding analyses provide
significant presence-absence community estimations and can be
used for calculating biotic indices.
CONCLUSIONS
Representing a promising opportunity to overcome the
time-consuming and high cost of traditional methodologies
Frontiers in Marine Science | www.frontiersin.org 9 June 2016 | Volume 3 | Article 96
Aylagas et al. DNA Metabarcoding Based Biomonitoring
for species identification, it is anticipated that DNA
metabarcoding will be routinely used in biomonitoring
programs in the near future. Yet, the application of this
technique to regular biomonitoring programs requires
benchmarking and standardization. Here, we demonstrate
through an exhaustive study design that, using the appropriate
conditions, metabarcoding presents a great potential to
characterize biodiversity and to provide accurate biotic
indices. Thus, our findings will contribute to accelerating the
implementation of metabarcoding for environmental status
assessment.
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